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Introduction
In the Netherlands, as well as internationally, 
many onshore large scale wind farms are being 
constructed or developed (Figure 1). For these 
wind farms the machine size and rated power 
continuously (Figure 2). The consequence of 
this development is the increase of vertical and 
shear loads at the tower base, along with signi-
ficant overturning moments. Large foundations 
are needed to resist these dynamic loads. The 
design of the large foundations is complex com-
pared to building foundations. Besides the sig-
nificant loads, the design includes the selection 
out of numerous codes and standards, founda-
tion methods, calculation methods and design 
models, ranging from basic to advanced. The 
design should also meet some very strict design 
criteria. For this reason the understanding of 
the geotechnical investigations and design are 
becoming more and more important to achieve 
a safe and economical foundation design. To 
provide a better understanding, some conside-
rations regarding geotechnical design and soil 
investigation are described in this article. 

Foundation types
Wind turbines can be founded on a variety of 
foundation types. Figure 3 shows various foun-
dation methods for onshore wind turbines. The 
selection of the best applicable foundation type 
depends mainly on the geotechnical conditions. 
The subgrade strength and stiffness of the soil 
or rock need to be sufficient to resist the cyclic 
and dynamic wind loads. 

A spread footing, or gravity foundation, can be 
considered as the simplest foundation type. The 
spread footing is placed directly on the foundati-
on soil or rock. The most efficient form is a circu-
lar footing with a tapered cone. For construction 
of the cone  a maximum angle of approximately 
12° is often used. The weight of the concrete and 
optional overburden provides resistance against 
the overturning moments. 
At locations were strong bedrock is encountered 
near the surface, post-tensioned rock anchors 

can be applied to reduce the dimensions of the 
cap foundation significantly. The rock anchors 
must be designed for fatigue.

In regions where competent soil or rock is found 
at shallow depth, the overlying weak or com-
pressible soil can be improved. Many techniques 
for improvement are available and depend on 
the type and thickness of the soil to be improved. 
If the thickness is small the soil can be excava-
ted and recompacted or replaced. For greater 
thicknesses the soil can be improved without 
(e.g. vibro-compaction) or with admixtures 
(e.g. soil mixing) and rigid inclusions (e.g. short 
piles). In all cases the strength and stiffness of 
the soil mass is improved. The foundation slab 
is not connected to the inclusions and should be 
designed as a spread foundation.  

Pile and cap foundations are used in regions 
where the competent soil or rock is encountered  
at much greater depth. This foundation method 
is most commonly used in the Netherlands. Fi-
gure 4 shows an example of the construction of 
a pile foundation. 
The overturning forces on the cap foundation 
are being transferred to the piles as compres-
sive and tensile axial loads. The piles transmit 
these loads to the ground via a combination of 
friction and end bearing. Lateral loads are resis-
ted through lateral earth pressures on the piles. 

Battered piles are often required to increase the 
lateral foundation stiffness and to increase the 
pile bearing capacity. 

A few decades ago wind turbines with hub 
heights of 20 to 30 meters were often founded 
on a small diameter monopile (open ended steel 
pile with approx. 4m diameter). Due to transpor-
tation limitations of the steel piles and the in-
creasing overturning forces, the monopole has 
long been considered as inapplicable. However, 
currently new techniques are available to install 
very large diameter (segmental) steel mono-
piles (see [REF.2]) or to construct continuous 
bored pile circular walls that can be considered 
as an alternative foundation method to the more 
common piled foundations. An advantage of the-
se more ‘innovative’ foundation methods is the 
limiting foundation footprint. 

Design guidelines, codes and standards
The most commonly used design codes and gui-
delines for wind turbine foundation design are: 
•  IEC-61400-1 Wind turbines - Design require-

ments [REF.3] 
•  DNV/Risø Guidelines for Design of Wind Turbi-

nes [REF.4]
•  GL Guideline for the Certification of Wind Tur-

bines [REF.5]
•  Eurocode 7: Geotechnical design of structures 

- part 1: general rules [REF.6] 

Figure 1  - Construction of a large scale wind farm with 40 wind turbines in South Africa .
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Abstract
The onshore wind industry continues to grow rapidly with the construction 
and development of many large scale wind farms using large megawatt 
wind turbines. This development requires a clear understanding of the 
geotechnical foundation behaviour in order to achieve a safe and economi-
cal foundation design. The foundation design however includes the selec-
tion of various types of foundations, design methodologies and mathema-

tical models, ranging from basic to advanced. The geotechnical designer 
needs to make a choice based on numerous codes and standards, design 
requirements and the anticipated geotechnical soil conditions. In some 
cases, standards are conflicting, or just lacking specific design guidelines 
for wind turbines. Based on extensive design experience some design con-
siderations are described in this article. 

Besides these guidelines local codes and an-
nexes (e.g. the Dutch NEN-EN) are also appli-
cable. These national (building) codes are more 
general in nature. Requirements for the foun-
dation design are often specified by turbine ma-
nufacturers in technical documents. Because of 
the differences between standards, guidelines 
and specifications, it is important that the desig-
ner is aware of any conflicts or omissions. The 
most important standards are briefly described 
below. 

NEN-EN-IEC 
The wind turbine design in Europe shall meet the 
requirements contained in the Safety Standard 
‘IEC 61400-1, Ed. 3’. In the Netherlands, these 
standards have been incorporated into the NEN-
EN-IEC 61400-series. In this standard all De-
sign Load Cases (DLC) for wind turbine design 
are specified. The IEC standard deviates from 
the Eurocode NEN-EN1990 (Basis of structural 
design). Two major differences concern the load 
factors and the design life time:
•  In the NEN-EN-IEC61400-1 load factors are 

given for wind classes IEC 1, 2 or 3 to derive 
design values for the wind loads. According to 
this standard a value of 1.35 for normal loads 
and 1.10 for abnormal loads. The Eurocode 
NEN-EN-1990 distinguishes permanent and 
transient destabilizing loads, with a value of 
1.5 for wind loads. 

•  According to the NEN-EN-1990 for buildings a 
design life time of 50 years shall be used. The 
NEN-EN-IEC61400-1 specifies a design life 
time of 20 years for wind turbines.

These differences indicate that wind turbines 
should be regarded as structures, other than 
buildings, for which in the Netherlands speci-
fic NEN-EN-IEC standards should be applied. 
Based on these standards a level of structural 
safety can be achieved, as required by the Buil-
ding Act.
The IEC standard is lacking specific guideli-
nes for geotechnical investigation and founda-
tion design, therefore additional geotechnical 
standards and guidelines should be applied.

Eurocode 7 (NEN-EN9997-1 including 
national Annex) 
The Eurocode 7 does not cover the specific foun-
dation design of wind turbines. More general, 
this standard gives recommendations for the 
scope of the geotechnical site investigation. 
It also prescribes a limit state design method. 
The limit state design implies the application 
of partial factors load and material parameters 
or resistance. With regard to the partial factors 
for foundation design no distinction is made 
between the different consequence classes. For 
structures this distinction is commonly made 
according to Eurocode NEN-EN 1990. However, 
since the load factors for wind turbines are de-
termined according to the IEC, a distinction in 
consequence classes is not relevant.

DNV Guidelines
The Det Norske Veritas (DNV) and Risø Natio-
nal Laboratory have jointly drafted guidelines 
for the design of wind turbines. With regard to 
the DLC’s the DNV guidelines are consistent 
with the IEC standard. One section is related to 
the foundation design. In this section recom-

Figure 2 - Growth in size of typical commercial wind turbines [REF.1].

Figure 3 - Foundation methods for onshore wind turbines. The grey subgrade 
represents competent soil or rock, the brown subgrade represents weak soil. 
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mendations are given for ground investigation. 
The guidelines also provide design methods for 
a spread foundation and a foundation on piles. 
The proposed design methods for spread foun-
dations are comparable with the Eurocode 7. 
Regarding the design of pile supported foundati-
ons the calculation methods comply with the API 
standard, and not with the Eurocode 7. 

GL Guidelines
Germanischer Lloyd (GL) together with DNV 
has drafted guidelines and technical specifica-
tion for the certification of wind turbines. In the 
‘Guideline for the Certification of Wind Turbines’ 
[REF.5] requirements are given for the scope of 
the geotechnical site investigation. It is stated 
that the investigation program should comply 
with at least Geotechnical Category 2 according 
to the German DIN (DIN 4020:2010-12 and DIN-
EN 1997-2). This geotechnical category is con-
sistent with Geotechnical Category 2 according 
to part 2 of Eurocode 7 [REF.7]. The guideline 
also describes the methodology to be used for 
the foundation design. The prescribed method is 
consistent with part 1 of the Eurocode 7. 

Limit states
In accordance with the Eurocode 7 and the GL 
guidelines the design shall be checked for the 
ultimate limit state (ULS) and the service limit 
states (SLS). The limit states that must be chec-
ked are listed in Table 1.

Geotechnical design criteria
Some of the most important design criteria that 
are specified in codes, guidelines and technical 
documents are briefly described below.  

Rotational foundation stiffness
For both spread foundations, as well as piled 
foundations, one of the main design criteria for 
foundation design is the rotational stiffness. In 
order to avoid excessive motion at the tower top 
and to provide the required damping, the tur-
bine manufacturer always provides a minimum 
rotational stiffness value. The final foundation 
design must satisfy this minimum value. Typical 
minimum values of the rotational stiffness are 
60 to 120 GN-m/rad. 

The rotational stiffness depends on the stiffness 

of the foundation structure and the subsoil. In 
case of a spread foundation often an infinitely 
rigid foundation block is assumed, so that the 
rotational stiffness only depends on the dynamic 
shear modulus G of the subsoil, and hence of 
the dynamic modulus of elasticity Edyn and the 
Poisson’s ratio v. The DNV guidelines provide a 
clear overview of formulas for the rotational stif-
fness for various subsoil conditions and founda-
tion methods. 
For pile foundations, the rotational stiffness de-
pends very much on the cyclical spring stiffness 
of the piles. The cyclical spring stiffness of the 
piles can be determined according to the empi-
rical method based on pile load tests (as descri-
bed in [REF.8] and [REF.9]). A typical value for 
the minimum required cyclical spring stiffness 
is about 200 MN/m. 

Gapping
The GL guidelines describe ground gap limita-
tions for the foundation design. The ground gap 
criterion requires that under specific IEC nor-
mal operational design load cases, no ground 
gap (i.e. zero contact pressure) shall occur at 
the foundation-soil contact. This means that 
in these cases the entire foundation footprint 
must remain in compression. This gapping li-
mit acknowledges that in the case of a spread 
foundation the rotational stiffness decreases 
non-linearly after foundation uplift (zero contact 
pressure). Besides this, in certain soil conditi-
ons, a limit on gapping will also ensure that soils 
subject to cyclic degradation are prevented from 
experiencing multiple instances of zero pressu-
re which, in the presence of water, could lead to 
breakdown of the in-situ soil structure and sub-
sequent related serviceability problems [REF.8].   
For unfactored loads (SLS) under specific ope-
rational conditions it has to be proven that the 
eccentricity (e) of the total vertical load is less 
than 25% of the radius: e < R/4.

Commonly, for unfactored (SLS) extreme loads, 
no more than 50% of the base area may be 

Table 1 - Limit states.

Spread foundation Foundation on piles

ULS SLS ULS SLS

Overturning (on rock)
Overall stability (slopes)
Rotational shear failure
Bearing resistance
Sliding resistance
Buoyancy

Ground gap
Settlement
Heave (swelling, frost)
Tilt
Foundation stiffness

Overall stability
Compressive resistance
Uplift or tensile resistance
Lateral resistance

Settlement
Heave
Tilt
Rotational stiffness
Lateral stiffness

Figure 4 - Example of the construction of a pile foundation 
for Wind Farm De Zuidlob in The Netherlands

Figure 5 - Relation between overturning moment and the rated power. 
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GEOTECHNICAL FOUNDATION DESIGN FOR ONSHORE WIND TURBINES

without compression. It has to be proven that:  
e < 0.59*R.

For spread foundations on competent rock with 
a good rock mass quality gapping can be allo-
wed. The high stiffness and strength allow for 
some decrease due to the prolonged load alte-
rations. 

Horizontal stiffness
For a pile foundation a minimum horizontal stif-
fness is required by the turbine manufacturer. 
Often the minimum value depends on the total 
mass of the wind turbine and its foundation, or 
on the rotational stiffness. Typical minimum va-
lues of the horizontal stiffness vary between 500 
and 1000 MN/m. 

A common procedure to calculate the lateral 
load resistance is by means of the horizontal 
subgrade reaction for the different soil layers 
below foundation level. The subgrade reaction 
can be determined according to Menard’s me-
thod, based on the actual cone resistance and 
soil pressure. For this analysis two dimensional 
calculation models (e.g. DSheetPiling – single 
pile) can be used, in which the stiffness of a sin-
gle vertical pile is calculated. More advanced 
programs with three dimensional models (e.g. 
Plaxis3D or Ensoft Group) can be used to take 
into account the effect of battered piles. 
It should be taken into consideration that the la-
teral soil reaction should be reduced due to the 
cyclic loading. This reduction can be up to 10% 
for sand and 30% for clay (according to DNV gui-
delines). 

Overall stability
For spread foundations it must be verified that 
the overall stability is sufficient. This is parti-

cularly relevant for footings placed on or near 
sloping ground. For spread foundations on rock 
the overturning stability should be checked for 
the extreme loads in the ULS. According the GL 
guidelines and Eurocode 7 the safety against is 
guaranteed by verification of the bearing capa-
city of the subsoil. 
Bearing capacity
Generally spread footings are first proportioned 
for bearing capacity (and overturning stability in 
case of rock). The bearing capacity of the ground 
can be calculated from the general bearing ca-
pacity equations as provided in the Eurocode 7. 
The DNV guidelines provide additional equations 
for extreme eccentric load cases. In these equa-
tions equations for bearing capacity and load 
inclination factors it is important to apply nega-
tive values for the shear forces due to change in 
direction of the rupture.  

Tilt
The foundation shall be designed to minimize 
settlements and especially differential settle-
ments. Deformation criteria are often specified 
by the turbine manufacturer. Generally for wind 
turbines the following must be kept strictly:
•  A maximum inclination of 3mm/m resulting 

from the characteristic extreme load;
•  A maximum unequal settlement of the founda-

tion of 1mm/m from the characteristic opera-
tional load.

In calculation of the settlements it is important 
to differentiate static loads, cyclic wind loads 
and dynamic loads.  

Settlement is not governing for design in case of 
spread foundations on dense soil or good rock, 
since (average) contact pressures from vertical 
loads are typically quite low (e.g. 50 to 75 kPa).

Foundation loads
Wind turbine
Generally wind turbine foundations are subjec-
ted to vertical and shear forces along with signi-
ficant overturning moments. These overturning 
moments are principal for foundation design. 
Figure 5 depicts the relation between the hub 
height and overturning moment at the tower 
base, based on technical data from various wind 
turbines. From the figure is can be seen that 
there is wide range of moments for a certain 
hub height due a large variation in weight of the 
nacelle and design wind load. Figure 6 shows 
the relation between the overturning moment 
and the rated power.
 
Design loads of the tower are provided by spe-
cialists of the wind turbine manufacturer in a 
Load Document (or technical specifications) that 
satisfies the load cases as outlined in the IEC 
61400 standards. All design load combinations 
as indicated by the IEC 61400 standards are ana-
lysed. A distinction is made between operational 
loads, extreme normal loads, extreme abnormal 
loads and fatigue. The operational loads are cy-
clic loads such as low wind speeds of 5m/s or 
starting and stopping of the wind turbine gene-
rator. The extreme loads have a low probability 
of occurrence, but result in high design forces at 
the tower base. Examples of extreme winds are 
1-in-50 year 3 second gust or turbine emergen-
cy stops. The extreme loads can be considered 
as dynamic loads. It depends on the turbine type 
and site specific wind conditions which DLC is 
governing for foundation design.

Seismic loading
The effect of earthquake loads on the wind turbi-
ne is analysed by the turbine supplier in a num-
ber of prescribed load cases. In the Technical 

Figure 5 - Relation between overturning moment and the rated power. Figure 6 - Relation between the overturning moment and the hub height.
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Documents the assumed seismic ground acce-
lerations are specified. As a foundation designer 
one needs to check whether the site-specific 
ground accelerations do not exceed the assu-
med values. In case of exceeding new calcula-
tions should be performed by the manufacturer. 
The seismic load is normally combined with 
operational loads and not with extreme loads. 
The resulting foundation loads are in many ca-
ses lower than under extreme loads without ea-
rthquake. However, it should be checked in the 
foundation design that, for example due to lique-
faction, the bearing capacity is not exceeded.

Buoyancy
The foundation design shall take into account 
the vertical hydrostatic pressure (buoyancy). 
Important is how to deal with buoyancy. The up-
ward water pressure can be regarded as a nega-
tive stabilizing load or as a positive destabilizing 
load. The designer should be aware of the effect 
of buoyancy for various limit states. 

Ground investigation
Based on the level of complexity of design the 
Geotechnical Category 2 (GC2) is selected for 
spread foundations according to Eurocode 7. For 
pile foundations GC3 is selected due to the cyclic 
and dynamic pile loading. Eurocode 7 and the 
DNV guidelines provide recommendations for 
the scope of the ground investigation. Turbine 
manufacturers often provide additional specifi-
cations for ground investigation.  

Generally the soil investigations consist of the 
following parts: 
• Geological desk study
• Geotechnical investigations
• Geophysical survey (optional)

A geological desk study should be performed 
first to establish a basis for selection of methods 
and extent of the site investigation. 
A geotechnical investigation may consist of 
trial pits, borings, in-situ testing, soil sampling 
and laboratory testing. For pile foundations in 

the Netherlands at least three CPTs should be 
performed for each wind turbine location, com-
bined with one borehole in the centre point of the 
structure.  

For spread foundations on soil or rock it is suf-
ficient to perform at least two borings or CPT’s 
for each location, of which one is performed in 
the centre point of the wind turbine. The depth 
to be covered by the investigation is at least 5m 
in case of unweathered rock. For foundations on 
soil the depth to be covered should be at least 
equal to 1 to 1.5 times the largest base dimen-
sion of the footing. A typical investigation depth 
is 20 to 30 m. 

Geophysical survey can be used to extend the 
localized information from borings or CPTs. 
The results give a better understanding of the 
stratigraphy within the considered area. Figure 
7 shows the result of a geophysical survey for 
wind turbines on karstic bedrock. The spatial va-
riation of the top level of the rock could not have 
been investigated with only borings and CPTs. 
Geophysical survey (Ground Penetrating Radar) 
has also proven its success for wind farms in 
Finland to investigate the level of the bedrock 
and thickness of the moraine cover.   

Conclusions
Due to the continuous developments in the wind 
industry it is expected that loads imposed on 
wind turbine foundations will also become lar-
ger. This requires a clear understanding of the 
driving considerations for geotechnical design. 
Due consideration should be given to the follo-
wing matters: 
•  The extent of the geotechnical investigation 

should be based on a geological desk study 
and comply with the Eurocode 7 and the GL 
guidelines. For difficult soil or rock conditions 
geophysical survey can is preferred to extend 
the localized information from borings and 
CPTs.

•  Based on the encountered ground conditi-
ons the most appropriate foundation method 

should be selected, that meets the stringent 
design criteria. Principal design criteria for 
design of spread foundations are ground gap-
ping and the maximum permissible settlement 
and tilt. For pile foundations the principal de-
sign criterion often is the rotational stiffness.  

•  Wind turbines should be regarded as structu-
res, other than buildings, for which in specific 
IEC 61400 standards exist. These standards 
are however lacking specific design guidelines 
for wind turbine foundations. The DNV gui-
delines explicitly address the design of wind 
turbine foundations. For spread foundations 
these guidelines are well applicable, especi-
ally for calculation of bearing capacity under 
extreme eccentricity. For pile foundations the 
design methods provided in the Eurocode 7 
are preferred. The methods in the DNV for pile 
foundations comply with the API standards. 
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Figure 7 - Seismic survey (electrical resistivity) along 3 wind turbine locations down to 10 m depth for 
wind farm Cerfontaine in Belgium. The blue and green areas indicate the soft soil cover, which is 
overlying a karstic limestone (indicated by orange and red color). 
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